Pelosinus spp. are fermentative firmicutes that were recently reported to be prominent members of microbial communities at contaminated subsurface sites in multiple locations. Here we report metabolic characteristics and their putative genetic basis in Pelosinus sp. strain HCF1, an isolate that predominated anaerobic, Cr(VI)-reducing columns constructed with aquifer sediment. Strain 
Introduction
The throughput, depth, and reduced cost of second-generation DNA sequencing facilitates our ability to gain insight into a broad range of microbiological processes in the environment, and genome sequencing of prominent members of environmental microbial communities should contribute to the understanding of complex biogeochemical systems.
Members of the Veillonellaceae, and particularly Pelosinus spp., have recently been reported to 3 be among the more abundant bacterial taxa in chromate-reducing systems inoculated with material from the chromium-contaminated aquifer at the U.S. Department of Energy (DOE) Hanford 100H site in Washington state (1, 2) and in other contaminated aquifers (3) (4) (5) .
Chromate-reducing bacteria are of interest because in situ reductive immobilization is favored as one of the more cost-effective approaches to remediation of aquifers contaminated with Cr(VI), a potent toxicant, mutagen, and carcinogen (6, 7) . Fermentative bacteria such as Pelosinus spp. may be of particular relevance to a common bioremediation scenario in which metabolism of organic electron donors (e.g., lactate-based polymers) injected into the subsurface readily consume available electron acceptors (e.g., oxygen, nitrate, sulfate, ferric iron) and drive the treated zone towards fermentative/methanogenic conditions.
In this article, we report on a variety of metabolic capabilities and their possible underlying genetic basis in a Pelosinus isolate that dominated a chromate-reducing community derived from aquifer sediment from the Hanford 100H site. The metabolic capabilities explored include lactate fermentation to propionate and acetate (related to the methylmalonyl-CoA pathway identified in the genome), Cr(VI) and Fe(III) reduction (both potentially related to identified flavoproteins), nitrate and nitrite reduction (potentially related to NrfH and NrfA, as well as a membrane-bound, respiratory nitrate reductase), and H 2 metabolism (two [Ni-Fe]-hydrogenases and four [FeFe]-hydrogenases were identified). We also report on focused transcriptional studies designed to more clearly associate certain genes with specific metabolic activities (namely, H 2 cycling and nitrate or nitrite reduction). Some metabolic activities and gene content reported here are unexpected for Pelosinus species and broaden our perspective on what metabolic and ecological roles this species might play in microbial communities in contaminated (and uncontaminated) environments.
MATERIALS AND METHODS
Isolation and cultivation of Pelosinus sp. strain HCF1. Pelosinus sp. strain HCF1 was isolated from the effluent of an anaerobic, chromate-reducing, flow-through column containing aquifer sediment from the DOE Hanford 100H site and eluted with sterile, synthetic groundwater. The synthetic groundwater contained the following constituents: 1 mM phosphate buffer (0.58 mM K 2 HPO 4 and 0.42 mM KH 2 PO 4 ; pH 7), 1.25 mM NaHCO 3 , 0.25 mM CaCl 2 , 0.1 mM NH 4 Cl, 5 mM sodium lactate (the carbon source and electron donor), 5 μM KCrO 4 , and 7.5 mM Na 2 SO 4 . Highly purified water (18 MΩ resistance) obtained from a Milli-Q Biocel system (Millipore, Bedford, MA) was used to prepare the synthetic groundwater and all other aqueous solutions described in this article. Although sulfate was available as an electron acceptor, ion chromatographic monitoring of the effluent confirmed that lactate was fermented to acetate and propionate and that sulfate reduction was not required for this process.
Isolation of strain HCF1 from column effluent was accomplished using a modified Hungate roll-tube technique (8) agar and amended with 20 mM sodium lactate, 10 mM NaHCO 3 , and vitamin, trace element, and selenite-tungstate solutions described elsewhere (9) was used for isolation. The inoculated roll tubes were incubated at 30°C for 7-10 days until bacterial colonies appeared. Second and third rounds of purification were conducted until the cells and colonies were uniform based on microscopic examination. Although yeast extract is not essential for the growth of strain HCF1, 0.5 g/L yeast extract was routinely used in the medium to facilitate growth and colony formation.
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After isolation, routine cultivation of strain HCF1 was carried out under strictly anaerobic conditions in an anaerobic glove box (Coy Laboratory Products, Inc., Grass Lake, Mich.) with a nominal gas composition of 86% N 2 -10% CO 2 -4% H 2 . The growth medium was the same as the medium used for isolation with the omission of Noble agar. Anaerobic techniques used in the preparation of growth medium and stock solutions are described elsewhere (10) .
Cell suspension experiments testing Cr(VI) and Fe(III) reduction by strain HCF1. All cell suspension experiments described in this article were performed under strictly anaerobic conditions in an anaerobic glove box. The glass and plastic materials used to contain or manipulate the cultures were allowed to degas in the glove box for at least one day before use.
Cell suspension assays performed to assess chromate reduction by strain HCF1 under fermentative conditions were conducted in a similar manner to those described previously for Pseudomonas sp. strain RCH2 (9). Strain HCF1 was grown anaerobically at 30°C in a glove box, harvested in mid log phase (OD ≈ 0.2, after 48 hr of incubation) by anaerobic centrifugation (11,899 x g, 15 min, 15 °C), washed with 100 mL anaerobic basal medium, and resuspended anaerobically in the glove box. Assays were performed in butyl rubber-stoppered Balch tubes and initiated by adding 1 mL of concentrated cells to 9 mL of basal medium amended with the appropriate compounds, such as 50 μM chromate and 20 mM lactate (final concentration).
Assays were run in duplicate at ~30°C. Samples (500 µL) were collected before cells were added, immediately after cell addition, and typically every 30 min thereafter. 200 µL of the suspension was used for OD 600 (optical density at 600 nm) measurement and the remainder was spun down at ~20,800 x g (4°C, 4 min). The freshly prepared supernatants and cell pellets were used for various analyses described below. Controls included assays that did not contain lactate (normally added at 20 mM) and in which cells were inactivated by heating (under anaerobic 6 conditions) in a boiling water bath for 15 min. The potential role of extracellular reductants in Cr(VI) reduction was investigated by conducting assays in 10 mL of filtered (0.2-μm pore size) spent medium after growth or 10 mL of filtered, spent medium that had been heat-denatured anaerobically in a boiling water bath for 15 min. These tests of extracellular reductants were initiated by adding 50 μM KCrO 4 .
Anaerobic cell suspension experiments to assess reduction of Fe(III) (2 mM) under fermentative conditions were conducted as described for Cr(VI) reduction studies, except that un-centrifuged samples (not supernatants) were used for determination of the reduced metal.
Fe(III)-NTA stock solutions (100 mM) were prepared by dissolving 0.82 g NaHCO 3 , 1.28 g of trisodium nitrilotriacetic acid (Na 3 NTA), and 1.35 g of FeCl 3 •6H 2 0 in 50 mL anaerobic H 2 O in an anaerobic glove box and filter-sterilizing into an anaerobic serum bottle. Amorphous Fe(OH) 3 was prepared as described previously (11) and stored in an anaerobic glove box for at least several weeks before use to de-oxygenate.
Analytical methods.
Analytical methods for all analytes other than Fe(II) were described in detail previously (9) and are briefly summarized here. For routine determination of cell density, OD 600 of diluted samples was measured using a Model UV160U spectrophotometer (Shimadzu Corporation Phylogenetic analysis of microbial communities in Hanford flow-through columns. DNA was extracted from effluent of the same fermenting columns from which strain HCF1 was originally isolated. Effluents were collected directly into 50-mL tubes containing 30 ml of an RNA preservation reagent (25 mM sodium citrate, 10 mM EDTA, 10 M ammonium sulfate, pH 5.2). After overnight incubation at 4 ºC, the solution was filtered (0.22-µm pore size) and DNA and RNA co-extracted from filter sections using a modification of the extraction procedure reported by Ivanov and co-workers (13) . This modification involved the addition of 1 g of Chelex-100 to the extractions to chelate iron; all other procedures were as reported.
Extracted DNA (10 ng) was used as a template for PCR amplifications using primers Analysis of pyrotag sequences was performed using the QIIME suite of tools (15), including quality filtering to Q20, clustering at 97% sequence homology and classification using the RDP classifier (16) .
Phylogenetic analysis of strain HCF1. The 16S rRNA gene of strain HCF1 was amplified by the PCR using a universal bacterial 16S forward primer 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and reverse primer 1492R (5'-TACCTTGTTACGACTT-3') (17) . PCR products were cloned using One Shot TOP10 Chemically Competent E. coli and a 9 TOPO TA Cloning Kit (Invitrogen) and were sequenced at the UC Berkeley DNA Sequencing Facility (Berkeley, CA). The 16S rRNA gene sequence of strain HCF1 was BLASTed (18) against the GenBank nr and RDPII databases. A 16S rRNA phylogenetic tree was generated using MEGA version 4 (19) .
Genome sequencing, assembly, and annotation. Genomic DNA library construction for Illumina sequencing of strain HCF1 was performed using the Nextera DNA Sample Prep Kit Genome annotation was first performed automatically using the JGI IMG portal (21) and then manually curated (as described in the Results and Discussion). A search for the CXXCH heme-binding motif that characterizes c-type cytochromes was carried out using JGI IMG and ScanProSite (http://prosite.expasy.org/scanprosite/) search tools.
Transcriptional (RT-qPCR) analysis of nitrate and nitrite reduction by strain HCF1
DNA/RNA extraction. Duplicate 50-mL cultures of HCF1 were grown anaerobically using routine medium supplemented with 20 mM lactate with or without 5 mM NaNO3. Five-mL samples of HCF1 cultures were collected in triplicate after 36 hours and 72 hours and immediately mixed with two volumes of the RNA preservation reagent described previously.
Cells were then harvested anaerobically by centrifugation (10,300 x g, 20 min, 4°C) and DNA and RNA were extracted using an AllPrep DNA/RNA mini Kit (QIAGEN Sciences, Inc.). Cell pellets were resuspended in 600 µL RLT Plus buffer containing 1% β-mercaptoethanol and homogenized using a FastPrep-24 homogenization system (MP Biomedicals). DNA/RNA samples were then extracted according to the manufacturer's instructions except that the residual DNA in RNA samples was digested on-column using RNase-Free DNase (QIAGEN) for 15 min.
DNA/RNA samples were finally eluted in 30 µl RNase-free water and quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.). DNA/RNA samples were stored at -80°C.
PCR amplification. For calibration standards, gene-specific primers were designed to amplify the rpoB, narG, nrfH1, and nrfH2 genes from strain HCF1 (Table S1 ). PCR primers were designed with Primer 3 software (22 were included in the same qPCR run to generate the calibration curve for absolute quantification.
Transcriptional (RT-qPCR) analysis of hydrogenases in strain HCF1
DNA/RNA extraction. One hundred-mL cultures of HCF1 were grown anaerobically using routine medium supplemented with 20 mM lactate or 20 mM fructose. Anaerobically, cells were then spun down, washed, resuspended in 10 mL basal medium supplemented with the same substrates (20 mM lactate or 20 mM fructose), 10 mM NaHCO 3 , and fixed with a headspace of 80% N 2 / 20% CO 2 . In addition, 100 mL of lactate-grown HCF1 cells were resuspended in 10 mL basal medium with 10 mM NaHCO 3 , and fixed with a headspace of 90% H 2 / 10% CO 2 .
After 1 hr of incubation, triplicate 3-mL samples (~3 x 10 9 cells) were mixed with 6 mL of the RNA preservation reagent described previously prior to RNA isolation.
PCR amplification and RT-qPCR analysis. PCR amplification to make calibration standards
and RT-qPCR conditions were the same as described previously, except that PCR and qPCR primers for the six target hydrogenase genes from strain HCF1 are given in Table S2 . 
RESULTS AND DISCUSSION
Lactate fermentation to propionate and acetate. Pelosinus sp. strain HCF1 ferments a range of sugars and short-chain mono-and dicarboxylic acids to propionate and acetate. For example, lactate, which has been used in polymeric form (glycerol polylactate) to stimulate in situ reductive immobilization of chromium in groundwater (23) , is fermented to propionate and acetate in a 2:1 ratio ( Figure S1 ). In addition to lactate, carboxylic acids and sugars that serve as Anaerobic nitrate reduction by strain HCF1. Strain HCF1 is capable of reducing millimolar quantities of nitrate when growing with lactate ( Figure 3A ). However, under these conditions, nitrate reduction did not closely mirror lactate consumption; the most rapid lactate consumption occurred between 24 and 36 hr whereas the most rapid nitrate reduction occurred between 36 and 48 hr (Figure 3A Figure S4 ). For the study represented in Figure 3 , it is likely that nitrite was reduced further to ammonium, based upon two to Pelosinus fermentans R7 (27) and Sporotalea propionicum TmPN3 (28), whose 16S rRNA gene sequences share 98.0% and 95.0% identity, respectively, with that of strain HCF1.
Notably, two distinct 16S rRNA gene copies of differing lengths were amplified from strain HCF1 using universal forward (27F) and reverse (1492R) primers. The longer 16S rRNA gene of strain HCF1 contains an additional ~100-bp insertion region at the 5' end, whereas the rest of the two sequences are identical. Similarly, it has been reported that two length-variable copies of the 16S rRNA gene exist in Pelosinus sp. UFO1 and Sporotalea sp. TM1 (29) , suggesting that this is not an unusual phenomenon in the Pelosinus-Sporotalea group (Figure 4) . Whether or not the longer copy in the strain HCF1 genome is a pseudogene remains to be determined.
Overview of the Pelosinus sp. strain HCF1 genome. A draft sequence of the genome of
Pelosinus sp. strain HCF1 was obtained by paired-end sequencing on an Illumina GAIIx platform. After quality control, the 100-bp paired-end reads were assembled into 214 contigs using Velvet (20) and coverage of 48x with an N50 of 79.5 Kb and maximum contig length of 288 Kb. The genome size is estimated at 4.98 Mb with a GC content of 39.8 % (Table 1) .
Lactate fermentation by strain HCF1 proceeds via the methylmalonyl-CoA pathway.
Analysis of the genome sequence of strain HCF1 indicates that it ferments lactate to propionate via the methylmalonyl-CoA pathway. The proposed enzymatic reactions involved in lactate fermentation by strain HCF1 are shown in Figure 5A . As proposed, lactate is converted to pyruvate by lactate dehydrogenase (multiple copies are present in the genome). Pyruvate can be converted to acetyl-CoA by pyruvate formate-lyase (PFL; two copies are present in the genome, Hcf1DRAFT_00614 and Hcf1DRAFT_04611, with adjacent genes encoding a PFL activase).
In addition, pyruvate can be converted to acetyl-CoA by pyruvate:ferredoxin/flavodoxin oxidoreductase (PFOR; Hcf1DRAFT_02505), which can generate reduced ferredoxin as an electron donor for hydrogenases. Acetyl-CoA can be converted to acetate (with ATP generation from substrate-level phosphorylation) via phosphotransacetylase (Pta; Hcf1DRAFT_00266) and acetate kinase (Ack; Hcf1DRAFT_03144).
The pathway from pyruvate to propionate through methylmalonyl-CoA appears similar to that used by the close relative Veillonella parvula strain DSM 2008 (GenBank NC_013520); to illustrate, similar organization for selected genes in the methylmalonyl-CoA pathway in both organisms is shown in Figure 5B . However, strain HCF1 and V. parvula may differ in the enzymes catalyzing pyruvate carboxylation to oxaloacetate. For V. parvula, this is likely catalyzed by pyruvate carboxylase (Vpar_0752), but BLASTP searching (18) Figure 3A ).
Transcriptional (RT-qPCR) analyses of narG and the two putative nrfH copies in cultures of strain HCF1 growing with lactate in the presence and absence of nitrate provide some insight on which nitrate and nitrite reductases may be involved. It is clear ( Figure 3B ) that both narG (Hcf1DRAFT_02301) and "nrfH2" (Hcf1DRAFT_02324) are nitrate-inducible, whereas "nrfH1" 
